A series of dATP and dCTP nucleotide analogs have been synthesized which are modified by attachment of aliphatic linkers containing a functional group to the amino-nitrogen at the hydrogen bonding positions of the bases, that is, at the 6-position of adenine and the 4-position of cytosine. These nucleotides are incorporated into DNA probes by standard niak-translation protocols. DNA probes labeled with biotin derivatives of these nucleotides are effectively hybridized to target DNA sequences and can be detected by a streptavidin and calf intestinal alkaline phosphatase conjugate with a sensitivity (0.25 pg DNA) sufficient for reproducible and rapid detection of single copy genes in a Southern blot of mammalian DNA.
INTRODUCTION
Nucleic acid hybridization has found widespread application in genetic research, biomedical research and clinical diagnostics. The development of a technology for "mixed phase hybridizations" (hybridizing probes to immobillized target DNA) and for cloning of unique-sequence genetic probes has led to important advances in basic and applied areas of biochemistry and medicine (1) . In the standard hybridization reaction, radioisotope-labeled probe is annealed to a DNA or RNA sample which has been immobilized on an inert solid support. However, the potential health hazards, disposal problems and instability associated with radioisotopes have placed limitations on the use of hybridization technology. This has lead to great interest in the development of alternative DNA labeling and detection systems which do not contain the drawbacks inherent in the use of radioisotopes.
The development of a non-radioactive DNA detection system requires a method to label the nucleic acid probe and a sensitive and specific procedure to recognize and detect the annealed probe-target hybrid. The high binding constant and specificity of biotin for avidin or streptavidin has been used i i R L Press Limited, Oxford, England.
in a variety of systems to localize and detect a wide range of target molecules (2) (3) (4) (5) . Langer e£ al.. (6) and Brigati e£ al. (7) have described a series of biotin labeled UTP and dUTP nucleotide analogs which contain biotin attached at the 5-position of the pyrimidine base. These modified nucleotides are substrates for a variety of DNA and RNA polymerases and are accessible to avidin or streptavidin conjugated enzymes when incorporated into polynucleotide probes (8) . Forster et al. (9) have synthesized a photoactivatable biotin reagent (photobiotin) which introduces biotin into nucleic acids upon irradiation with visible light. Recently, a chemical labeling method was described (10) in which cytosine residues in nucleic acids are transaminated with ethylenediamine, followed by biotinylation of the primary amino group on the derivatized cytosine. The biotin introduced into intact DNA by the above method was shown to be functionally accessible and suitable for colorimetric detection of the annealed probe-target hybrids.
We report hfte the synthesis of novel biotinylated dATP and dCTP analogs that are modified at the N 6 and N 4 positions of the bases, respectively. The use of these nucleotides for enzymatic labeling of DNA probes and colorimetric detection of single copy genes in human DNA is described. A method for rehybridization of Southern blots with biotinylated probes on nylon membranes is also presented.
MATERIALS AND METHODS
The nucleosides and the nucleoside triphosphates used in organic synthesis and the bovine serum albumin (BSA), fraction V, were obtained from Sigma Chemical Co. Other reagents used in the synthesis were purchased from Aldrich except for biotin which was the product of Chemalog. Biotinyl-Nhydroxysuccinimide ester (11) , caproylamidobiotin-N-hydroxysuccinimide ester (12), 6-chloropurine-2'-deoxyriboside (13) , and N 4 -(6-aminohexyl)-dCTP (14) were prepared by published procedures. Radionucleotides and tritium HPLC analysis of the nucleotldes was performed on a Waters Associates chromatograph using a /*-Bondapack C-18 or RadialPack C-18 column with a Zmodule radial compression system. A 10 minute gradient from 90% of 0.05 M ammonium phosphate and 10% methanol-water (7:3) to 5% of 0.05 M ammonium phosphate and 95% methanol-water (7:3) was used for elution. The flow rate was maintained at 2 ml/min. All UV spectra were recorded on a Beckman DU dual beam spectrophotometer.
6-Chloropurine-2'-deoxvriboside 5'-monophosphate Molecular Sieve (4 A, 5.0 gm) was ground to give a coarse powder, added to triethyl phosphate (10 ml), and stirred vigorously for 10 minutes. The 6-chloropurine-2'-deoxyriboside (135 mg) was added and the mixture cooled to 0°C. Phosphorus oxychloride (90 pi) was pretreated with water (9 /JI) very carefully at 0°C and added to the reaction mixture in one portion with an oven dried glass pipet or glass syringe. The reaction mixture was monitored on HPLC for the appearance of product and disappearance of starting material.
After the complete disappearance of starting material, the reaction mixture was filtered and added to 20 ml of ice water and the pH was adjusted to about N -(6-aminohexvl)-2'-deoxvadenosine 5'-monophosphate (N -(6-aminohexvl)-dAMP) 1,6-Diaminohexane (1.12 g) was dissolved in 5 ml H2O and the pH adjusted to 9.0-9.5 with carbon dioxide. The 6-chloropurine-2'-deoxyriboside 5'-monophosphate (204 mg) in 5 ml H2O was added and the reaction mixture was heated at 50°C and monitored on HPLC until the complete disappearance of the starting material (1.5-3 hours).
It was cooled to room temperature, diluted to 200 ml with water, and loaded on a Sephadex A-25 column (70 ml, 2.5 cm X 45 cm, HCO3" form equilibrated with 0.01 M TEAB). The column was washed with 400 ml of 0.01 M TEAB followed by a gradient of 0.01 M to 0.5 M TEAB (350 ml each) and 20 ml fractions were collected. Fractions 10-20 contained the desired compound, which was concentrated and coevaporated with ethanol (4 X 100 ml) to give an off-white solid that weighed 184 mg (70% yield). HPLC analysis showed a single peak (retention time = 7.6 min) and the compound gave a positive color development when a spot on a TLC plate was sprayed with ninhydrin.
N -(6-hexvlamidobiotin)-2'-deoxvadenosine 5'-monophosphate (Biotin-7-dAMPN^-(6-aminohexyl) -dAMP (80 tag) was dissolved in 0.1 M sodium borate (10 ml, pH 8.5). Biotin-NHS (100 mg) was dissolved in DMF (1.5 ml) and added to the amine. The mixture was stirred vigorously until HPLC analysis showed the disappearance of the starting material (1-4 hours). The reaction mixture was concentrated to remove the DMF and then dissolved in 100 ml of water and loaded onto a Sephadex A-25 column (HCO3" form, 80 ml, 2.5 X 45 cm). The column was washed with 100 ml of 0.01 M TEAB. It was then eluted with a gradient from 0.1 M to 0.5 M TEAB (300 ml each). The desired fractions were combined, concentrated and coevaporated with ethanol (4 X 100 ml) to give a white solid that weighed 90 mg (81% yield). The compound displayed a single peak on HPLC analysis (retention time -10.3 min) and was positive for biotin on TLC when sprayed with p-dimethylaminocinnamaldehyde (15) . Biotin-14-dATP (IV) was obtained in an analogous manner by condensing N -(6-aminohexyl)-dAMP with caproylamidobiotin-N-hydroxysuccinimide ester.
Biotin-3-dATP (I) and Biotin-10-dATP (III) were obtained by condensing 6-chloropurine-2'-deoxyriboside 5'-monophosphate with ethylenediamine followed by biotinylation with Biotin-NHS and CAB-NHS, respectively, and subjecting the biotinylated products to the Hoard-Ott procedure (16) . 
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Tris-HCl, pH 9.5, 0.1 M NaCl, 50 mM MgCl 2 ). The color development was performed by placing the filters in a solution of buffer 3 containing NBT (330 /ig/ml) and BCIP (167 /ig/ml) . The DNA bands on Southern blots were visible within the first half-hour of color development. The reaction was terminated after 1-3 hours by washing in 10 mM Tris-HCl, pH 7.5, 1 mM EDTA (TE). The filters were dried between filter paper or in a vacuum oven at 80°C and stored dry in heat-sealed bags.
RESULTS

Synthesis of biotinvlated nucleotide analogs
A series of dATP and dCTP nucleotide analogs have been synthesized which contain biotin linked to the 6-amino group of purine or the 4-amino group of pyrimidine by an aliphatic linker which varies in length between 3 and 17 atoms. Consistent with the nomenclature of Brigati e_t al. (7), these nucleotide analogs were designated as Biotin-n-dNTP, where "n" refers to the number of atoms between the carbonyl group of the biotin moiety and the amine of the nucleotide base. The structure of these compounds is depicted in Figure 1 .
The synthesis of biotin-n-dATP starts with the phosphorylation of 6-chloropurine-2'-deoxyriboside using POCl3/(EtO)3PO as described by Yoshikawa et al. -(6-aminohexyl)-dATP with Biotin-NHS or CAB-NHS gave Biotin-7-dATP or BioCin-14-dATP, respectively. By using a tritium labeled Biotin-NHS, a tritium labeled Biotin-7-dATP was obtained. In addition to the incorporation of a biotin reporter group, the N -(n-aminoalkyl)-dATPs' are versatile in that the amino group can be modified with other detectable groups either prior to, or after incorporation into a DNA probe.
In a different approach, analogous to that reported by Lindeberg and These compounds were also made by effecting the alkylation and the rearrangement on dAMP. The biotinylated compounds were then converted to Biotin-lO'-dATP and Biotin-17-dATP, respectively, by using the Hoard-Ott method. Generally, the yield on this approach is lower due to depurination during the first step.
The synthesis of biotinylated dCTP follows the procedure described by
Draper (14) The UV spectra of the various nucleotide analogs were found to be consistent with the structures assigned. In the case of Biotin-7-dATP, the intermediates in the synthesis were characterized by high resolution proton NMR. The negative ion Fast Atom Bombardment mass spectrum of Biotin-7-dATP was consistent with the assigned structure.
Incorporation of biotinvlated nucleotides into DNA
The biotinylated dATP derivatives were incorporated into DNA by E. coli DNA polymerase I in a standard nick translation reaction (Figure 2 ). The progress of biotin incorporation into A DNA was measured by the incorporation of a tracer nucleotide ^H-dGTP, in the presence of 20 pM dGTP, dCTP, dTTP and either dATP or a biotinylated dATP analog (Fig. 2) . Likewise, biotinylated dCTP analogs were incorporated in the absence of dCTP. The level of incorporation of the various biotin nucleotide derivatives was found to vary with the length of the linker arm between biotin and the nucleotide base ( Table   1 ). The lowest level of incorporation was observed with Biotin-17-dATP whereas Biotin-7-dATP was incorporated up to 56% of the control value corresponding to approximately 80 biotin residues/Kb DNA. The precursors to the biotinylated nucleotides, N^-(6-aminohexyl)-dATP or N 4 (6-aminohexyl)-dCTP (Table I) were incorporated most efficiently into DNA by nick translation.
These nucleotides, when incorporated into DNA probes, can be used to attach reporter groups such as fluorescein or biotin to DNA.
The relative incorporation of biotinylated nucleotides in the above *The percent incorporation was followed by the H-dGTP in the reaction. The reaction conditions are as described in Figure 2 . Results represent average of two determinations.
radionucleotide. In order to assure that the incorporation of a tracer nucleotide accurately reflects biotin nucleotide incorporation, Biotin-7-dATP which was tritium labeled in the biotin moiety was synthesized. The radio- sociation kinetic rates for DNA/DNA and biotin-DNA/DNA hybridization (Fig. 4) indicated that hybridization rates were slower for biotinylated DNAs compared to non-biotinylated probes. The initial velocities for the reassociation kinetics of all three probes were similar, but the Cot]y2 (time taken for half the probe to reanneal at the given concentration) for Biotin-11-dUTP and Biotin-7-dATP labeled DNA was 5 times greater and 10 times greater than for unmodified DNA, respectively. of the nucleotide bases were labeled with biotin. They observed an end-point sensitivity of 1-2 pg DNA on nitrocellulose filters. From the series of nucleotide analogs we have synthesized, Biotin-7-dATP and Biotin-7-dCTP were chosen for further study because they exhibited the highest levels of incorporation in nick-translation reactions. DNA probes that had approximately 40% of the adenines biotinylated through a seven-atom linker showed reduced rates of reassociation when compared to nonbiotinylated DNA. Langer et al. (6) reported that when 5% of thymines in DNA were substituted by Biotin-11-dUTP no difference in reassociation rates was observed. We observe that biotinylated-DNA with 52% of thymines replaced by Biotin-11-dUTP exhibited slower rates of reannealing compared to non-biotinylated DNA, indicating that reassociation rates might vary with extent of biotinylation.
It has been observed that efficient hybridization with biotinylated DNA probes requires higher probe concentrations (approximately 50-100 ng/ml) than normally employed for -> were primarily for use on nitrocellulose filters and gave high background on nylon membranes. By suitably modifying the hybridization protocol and the filter blocking procedure, we were able to achieve low levels of background on nylon filters comparable to that observed on nitrocellulose filters.
Also, it was found that incubation of the hybridized filter in the presence of proteinase K was necessary for efficient removal of the streptavidin conjugated biotinylated DNA probe.
Non-radioactive nucleic acid detection methods are finding favor in educational, clinical and research laboratories because of their obvious advantages over potentially hazardous and short-lived radioisotopic methods.
With the increased level of sensitivity and reusability of nylon blots, the colorimetric detection of DNA offers a clear alternative to autoradiography.
